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Abstract 

Purpose Weighting in Life Cycle Assessment (LCA) is a 
much-debated topic. Various tools have been used for weighting 
in LCA, Multi-Criteria Decision Analysis (MCDA) being one 
of the most common. However, it has not been thoroughly 
assessed how weight elicitation techniques of MCDA with 
different scales (interval and ratio) along with external and 
internal normalisation affect weighting and subsequent results. 
The aim of this survey is to compare different techniques in an 
illustrative example in the building sector. 

Methods A panel of Nordic LCA experts accomplished six 
weighting exercises. The different weight elicitation techniques 
are SWING which is based on the interval scale; Simple Multi- 
Attribute Rating Technique (SMART) and Analytic Hierarchy 
Process (AHP) which is based on the ratio scale. Information on 
the case study was provided for the panellists, along with 
characterised or normalised impact assessment scores. 
However, in the first weighting exercise, the panellists were 
not provided with any scores or background information, but 
they had to complete the weighting at a more general level. With 
the weights provided by the panel, the environmental impacts of 
three alternative house types were aggregated. The calculations 
were based on three well-grounded aggregation mles, which are 
commonly used in the field of LCA or decision analysis. 
Results and discussion In the illustrative construction example, 
the different aggregation mles had the biggest impact on the 
results. The results were different in the six calculation methods: 
when externally normalised scores were applied, house type A 
was superior in most of the calculations, but when internal 
normalisation was accomplished, house type C was superior. 
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By using equal weights, similar results were obtained. None of 
the panellists intuitively considered A as the superior house 
type, but in some of the calculations, this was indeed the case. 
Furthermore, the results refer to the fact that the panellists 
completed the weighting on the basis of their general knowl¬ 
edge, without taking the features of different weight elicitation 
techniques into account. 

Conclusions External normalisation provides information on 
a magnitude of impacts, and in some cases, external 
normalisation may be a more influential factor than weighting. 
Based on the results, it cannot be stated which different weight 
elicitation technique is the most suitable for LCA. However, 
the method should be selected based on the aims and purpose 
of the study. Moreover, the elicitation questions should be 
explained with care to experts so that they interpret the ques¬ 
tions as intended. 

Keywords Interval scale • Life cycle assessment • 
Multi-criteria decision analysis • Normalisation • Ratio scale • 
Weighting 

1 Introduction 

Life Cycle Assessment (LCA) is often performed to compare the 
environmental impacts of alternative products (e.g. Shen et al. 
2010; Myllyviita et al. 2012). As a result of mandatory phases 
defined in the International Organization for Standardization 
(ISO) standards for LCA (ISO 2006), a decision-maker 
characterises scores of alternatives. Based on these characterised 
scores, the impacts of different products can be compared within 
one environmental impact, but the impacts cannot be compared 
across the impact categories. This is because characterised scores 
of different environmental impacts cannot be directly aggregated 
into a single score since they are measured in different units. It is 
not correct to aggregate, for instance, the C0 2 equivalents of 
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climate change and the Fe equivalents of metal depletion as 
such. Since there is no usual superior alternative (i.e. an alterna¬ 
tive that has the smallest amount of environmental impacts with 
respect to all impact categories), value choices on the importance 
of environmental impacts are needed. The weighting of different 
impact categories is a commonly used approach when including 
value choices in LCA. 

Value choices in the natural sciences have been widely 
discussed, especially since the meaning of sustainability is 
not consistent (Seager 2008; Bond et al. 2011). However, 
value choices in the natural sciences have also been denied, 
and the researcher’s role as a “pure truth seeker” has been 
actively defended (Hacking 1999). However, subjective value 
choices are inevitable in LCA. For instance, defining system 
boundaries, selecting impact assessment method, how the 
allocation is actualised, and which impact categories are in¬ 
cluded during Life Cycle Impact Assessment (LCIA) (among 
many others) are influenced by values. Since weighting is 
readily identified as a subjective value choice, it has been a 
controversial topic in the field of LCA (Bengtsson and Steen 
2000; Finnveden et al. 2002; Soares et al. 2006). Indeed, the 
ISO standard for LCA does not recommend weighting in 
comparative studies aimed at the general public (ISO 2006). 
Nevertheless, weighting has become a typical phase of LCA and 
even default weights are available. Some LCA methodologies 
recommend using equal weights (Jolliet et al. 2003), but using 
equal weights should not be considered as an objective selec¬ 
tion. If equal weights are assumed, the impacts are considered 
equally important, which is also a value choice. 

The weighting methods can be categorised as distance-to- 
target methods, monetary valuation methods and panel 
weighting methods. In distance-to-target methods, impact cate¬ 
gories are evaluated on the basis of their distance from the 
current level to a future target level (Seppala and Hamalainen 
2001), whereas monetary valuation methods assess the impor¬ 
tance of the impact categories based on costs related to envi¬ 
ronmental consequences (Ahlroth et al. 2011). In this article, we 
focus on the panel weighting methods, which have been con¬ 
sidered, along with monetary valuation methods, as the most 
promising approaches to weighting in LCA (Finnveden 1999). 
In the panel approach, experts or stakeholders are requested to 
weight impact categories using different elicitation procedures. 

LCIA results can be actualised from midpoint or endpoint 
approaches (Bare et al. 2000). In the midpoint approach, the 
object of characterisation modelling is a “midpoint” in the 
cause-and-effect chain within each impact category (e.g. radi¬ 
ative forcing in climate change, H + release in acidification), 
whereas endpoint modelling refers to an assessment describ¬ 
ing observable environmental end points, such as years of life 
lost. In addition, weighting can be completed from the mid¬ 
point or endpoint perspective. The problem with midpoint 
perspective weighting is that the panellists typically receive 
dozens of impact categories to be weighted, whereas there are 


only a few impact categories in the endpoint approaches. For 
example, the Eco-Indicator 99 consists of human health, eco¬ 
system quality, and resources (Goedkoop and Spriensma 
2000). However, the results of endpoint impact categories 
include more uncertainty compared to the results of midpoint 
impact categories, because the midpoint modelling can be 
conducted by relatively accurate modelling methods. In 
principle, weighting in the context of midpoint approaches 
can be carried out by similar Multi-Criteria Decision Analysis 
(MCDA) methods (Seppala et al. 2002). It is only the 
contents of indicators within midpoint and endpoint cate¬ 
gories that differ. In this paper, we focus on midpoint 
perspective weighting. In that approach, we consider different 
types of MCDA methods. 

2 Theoretical background 

2.1 Relationship between LCA and MCDA 

MCDA is a family of methods that help decision makers 
identify and select a preferred alternative when faced with a 
complex decision-making problem characterised by multiple 
objectives (Von Winterfeldt and Edwards 1986). The benefits 
of using MCDA are a structured framework and the ability to 
deal with both qualitative and quantitative decision criteria with 
advanced calculation methods (Von Winterfeldt and Edwards 
1986). Several authors (e.g. Miettinen and Hamalainen 1997; 
Seppala 1999, Seppala et al. 2002; Azapagic and Clift 1998; 
Spengler et al. 1998; Soares et al. 2006; Seager and Linkov 
2008; Jeswani et al. 2010; Myllyviita et al. 2012) have noted 
that MCDA can be applied to LCA. Most applications have 
been confined to weighting or to the use of LCIA results in the 
final decision context, although some authors (e.g. Seppala 
et al. 2002) pointed out that MCDA can be applied in all stages 
of LCIA. A typical approach in LCA has been to use default 
weights for aggregating characterisation results into a single 
score. Such default weights can be found in the Eco-Indicator 
99 method, for example (Goedkoop and Spriensma 2000). 
Soares et al. (2006) applied MCDA to the endpoint perspective, 
taking the scale and timeframe of impacts into account as well. 
The scale of impacts was also applied (with Analytic Hierarchy 
Process (AHP)) by Hermann et al. (2007). Outranking methods 
(Geldermann and Rentz 2005; Spengler et al. 1998) and AHP 
(Reza et al. 2011; Ong et al. 2001) have also been applied in 
LCA to aggregate single scores and to rank alternatives. 

2.2 Interval and ratio scale 

In MCDA, the criterion-specific sub-utility (or value or priority) 
functions are weighted in order to construct an overall score that 
describes the decision alternatives’ multi-criteria values (Von 
Winterfeldt and Edwards 1986). Outranking methods, however, 
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indicate the degree of dominance of one alternative over another 
(Kangas et al. 2001). Depending on the characteristics of the 
sub-utility model, some weight elicitation techniques are based 
on the interval scale, while others are based on the ratio scale. 
The elicitation in the ratio and interval scale methods are differ¬ 
ent both in a theoretical and practical sense (Belton 1986). The 
ratio scale has a zero point, but at the interval scale, the zero 
point cannot be unambiguously defined. Multi-Attribute Value 
Theory (MAVT) (Von Winterfeldt and Edwards 1986) is one of 
the most commonly applied MCDA methods that is based on 
the interval scale. In MAVT, the most and the least preferred 
alternatives usually represent the extremities of the scale, and the 
other alternatives are compared to these and placed on the scale 
based on their distance from the extremities. Various weighting 
elicitation techniques can be included in MAVT. In SWING 
(Von Winterfeldt and Edwards 1986), the weights of decision 
criteria are obtained by considering the importance of the range 
of the attribute changing from its lowest level to the highest 
level. Simple Multi-Attribute Rating Technique (SMART) 
(Edwards 1971) and modifications of it called SMART using 
SWINGS and SMART Exploiting Ranks (Edwards and Barron 
1994) can be based on the ratio scale, where one of the items is 
used as reference when evaluating the other items with respect to 
the reference. Another example of the MCDA method with the 
ratio scale is the AHP (Saaty 1971), which applies the ratio scale 
pairwise comparison of items. SMART can also be interpreted as 
a special case of AHP, where the minimum amount of pairwise 
comparisons is actualised. Originally, AHP was based on a 1-9 
ratio scale, where 9 indicates that an item is nine times more 
preferred compared to the other item. However, numerous mod¬ 
ifications on the original 1-9 scale have been also suggested 
(e.g. Alho et al. 2001; Leskinen 2001; Dong et al. 2008). 

If weighting is accomplished with a method that is based on 
an interval scale, the weighting questions should be accom¬ 
plished by referring to the impact assessment scores of deci¬ 
sion alternatives (such as to the worst and the best alternatives 
in SWING). On the ratio scale, however, the weighting ques¬ 
tions refer to criteria importance more generally, and criterion- 
specific utility changes are taken into account in the specifi¬ 
cation of the sub-utility functions. In both approaches, it is 
essential that the panellist understands the weighting questions 
exactly as is indented in the applied method. 

2.3 External and internal normalisation in LCA 

Normalisation, according to the ISO standard, is an optional 
phase in LCA, which can be applied after characterisation of 
impact assessment scores. In the LCA context, normalisation 
usually refers to external normalisation. External normalisation 
relates to a magnitude of impacts caused by a studied product 
system on a certain reference value (Finnveden et al. 2002; 
Norris 2001). External normalisation is often carried out to 
transform characterised LCIA scores to be more meaningful 


and to reveal the magnitude of impacts (e.g. Finnveden et al. 
2002; Erlandsson and Lindfors 2003). External normalisation 
can be based on characterised scores caused by a certain 
geographical area or population. External normalisation factors 
have been compiled for European countries (Sleeswijk et al. 
2008), Canada and the United States (Lautier et al. 2010). For 
instance, after external normalisation it could be stated that 
product A is responsible for 5 % of the annual climate change 
impacts of an average European citizen. 

When MCDA is applied to aggregate single scores in 
LCA, internal normalisation becomes relevant. In internal 
normalisation, the reference values are not required, but the idea 
is to compare the decision alternative's value to other alterna¬ 
tives instead of external reference. With interval scale models in 
LCA, internal normalisation can be conducted by referring to 
the two extreme options within one criterion (Seppala and 
Hamalainen 2001). With ratio scale models, the relative utility 
scores of decision alternatives can be interpreted by scaling 
them to sum up to one (e.g. Saaty 1971). For instance, it can 
be stated that the climate change impacts of product A receives 
a score of 0.6, whereas the impacts of product B receives 0.4, 
therefore product A is 1.5 times more harmful than B in terms 
of climate change. 

Norris (2001) has addressed the fact that external and 
internal normalisation is not congruent. In an illustrative 
example based on interval normalisation, Norris (2001) 
showed how the ranking of two alternatives changed, when 
a new alternative was included. The change in the rankings 
is caused by the rank reversal problem (e.g. Leskinen and 
Kangas 2005). Furthermore, Myllyviita et al. (2012) showed 
that relative impacts of alternatives assessed with LCA changed 
significantly when external normalisation was replaced with 
internal normalisation. Therefore, deciding which normalisation 
procedure is actualised, can have an impact on the results, 
especially in comparative studies. 

2.4 Calculating a single score in LCIA 


Decision makers who regularly use LCA to assist in decision 
making prefer to use single indexes since they seem to facili¬ 
tate interpretation of the results (Mettier and Hofstetter 2004). 
In LCIAs, a typical calculation mle for a single score called 
total environmental impact (El) is a simple model: 


H{aj) = ]T 

/= 1 




where 

(EI) (aj) Environmental impact of an alternative cij 
w f Weighting factor of impact category i 

Ii(aj) Impact category indicator result of impact 
category i caused by alternative aj 
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Ri reference value, i.e. indicator result of impact 

category i of the reference area 


Equation (1) corresponds to the current LCIA methodology 
with external normalisation, although there is a wide range of 
competing LCIA methods. Popular methods such as 
Environmental Theme (Bauman and Rydberg 1994) and 
Eco-indicator 99 (Goedkoop and Spriensma 2000) are based 
on using Eq. (1), although they differ from each other in terms 
of the overall assessment philosophy 

In the case of internal normalisation and MAVT, where an 
interval scale is being assumed, Seppala and Hamalainen 
(2001) showed that total El can be calculated by 


, v A Ii(a f )-I 

El{aj)=Y,”t 


unin 


i= 1 


fymax A',min 



where 7 1 - >m i n =min(/ l -(a i),... .Ii(a m )) and 7 l - >max =max(/ l -(fl i),.... 
Ii(a m )), where m = number of alternatives 

In other words, instead of external reference, alternatives’ 
values are scaled with respect to other alternatives—the worst 
and the best alternatives in this case. According to MAVT, 
the sum of weighting factors should be adjusted to 1 

( ^ X w i = ) i n both Eqs. (1) and (2). In Eq. (2), the weights 

are interpreted as the importance ratio of the contribution of 
the swing from worst to best in criterion i to the contribution 
of the swing from worst to best in criterion i. MAVT can 
assist in terms of how weighting factors should be assessed in 
the context of Eqs. (1) and (2). For example, weighing factors 
in Eq. (1) can reflect the damages caused by R; and this 
feature can be taken into account in the determination of 
weights (see Seppala 1999; Seppala and Hamalainen 2001; 
Seppala et al. 2002). 

Another possible way to calculate a total environmental 
impact in LCIA with internal normalisation is to utilise AHP 

n 

El ( a j) = ( 3 ) 

i=l 


by ratios of alternative-specific impact assessment scores by 
assuming linear utility with respect to original impact assess¬ 
ments. Note that the analogous linearity assumption is also made 
with Eq. (2). Note also that if one is not willing to assume 
linearity, techniques exist to specify the shape of the sub-utility 
functions. In AHP (Eq. (3)), the weights represent the impor¬ 
tance ratio of the two criteria with respect to the overall goal. 

None of the methods mentioned above give an unambiguous 
solution to how the weighting process should be actualised or 
which technique should be applied in LCA. Several features of 
a weighting process can have an impact on the results. First, 
different methods may end up with different results (Bengtsson 
and Steen 2000). Secondly, if an MCDA method based on the 
interval scale is applied, it should be decided as to how impact 
assessment scores should be introduced to the panellists. 
External normalisation of the impact assessment scores may 
be necessary to make the scores of alternatives more meaning¬ 
ful for the panellists. It is also possible to assess the trade-offs 
between the reference values of different impact categories 
directly, without referring to the actual decision alternatives 
(Seppala 1999). Here, the rationale would be to assume that 
impacts caused by a large area are easier to evaluate than the 
impacts caused by the alternatives. Finally, it is not clear how 
much and what kind of information the panellists should be 
given on the decision alternatives, and how they are influenced 
by the information provided. 

The aim of this article is to describe how the weighting 
processes with different weighting elicitation techniques com¬ 
monly used in MCDA are applied to LCA, and to compare the 
processes and the results. Impacts of internal and external 
normalisation in a comparative study are analysed in detail. 
As a case study, we present an illustrative constmction project 
which analyses the environmental impacts of different types 
of houses with respect to three environmental impact catego¬ 
ries (i.e. climate change, natural land-use change and metal 
depletion). Finally, based on the results, the problems related 
to weighting and aggregating single scores with different 
methods and some recommendations for weighting in LCA 
are given. 


where w t is obtained from pairwise comparison data of indi¬ 
cators’ relative importance (see Saaty 1971; and e.g. Alho 
et al. 2001 for alternative estimation techniques). Also, here, 

n 

the sum of weighting factors is adjusted to 1, (i.e. X = 1.). 

i=l 

m 

In Eq. (3), p (// (a/) ) = / z (a/) / X h ( a j) • This means that the 

7=1 

impact category indicator results caused by the production sys- 

m 

terns is internally scaled to sum up to 1, i.e. X P {h ( a j )) = 1. 

7=1 

Moreover, the ratios p (Ijia^/p (Iiici j )) can be obtained directly 


3 Methods 

An illustrative constmction project in the Nordic countries 
was assigned to apply weighting techniques. It was assumed 
that a neighbourhood with 20 detached houses in the Nordic 
countries was to be established and it was necessary to detect a 
house type with the smallest negative environmental impact. 
The three decision alternatives were as follows: A (brick 
house), B (wooden house) and C (log house). Three environ¬ 
mental impact categories—climate change, natural land trans¬ 
formation and metal depletion—were included. None of the 
houses is the best in all three environmental impact categories 
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(Table 1) therefore the superior house can only be detected 
via value choices. The impacts of the three houses with 
respect to the three environmental impact categories were 
characterised and externally normalised (proportion of Nordic 
citizens considered) (Sleeswijk et al. 2008) (Table 1). 

The questionnaire with the six weighting exercises was 
compiled (Table 2) and Nordic practitioners and/or developers 
of LCA (who were mostly researchers), were engaged. The 
experts were identified by studying the list of participants at 
the 2011 NorLCA symposium and by reviewing journal arti¬ 
cles related to LCA. All experts actualised the six weighting 
exercises in the same order (Table 2). In weighting exercise 1, 
the weights were acquired by applying the SMART ratio scale 
method. The question formatting is as follows M How much 
would you prefer to minimise metal depletion compared to 
climate change emissions released from Nordic countries?” 
The respondents were instructed to use the SMART ratio scale 
method: first, 100 points should be given to the environmental 
impact that he/she considered the most important, and others 
related to that (0-100 points). Aggregating single scores were 
based on Eq. (1). 

In weighting exercise 2A, the same application of the 
SMART scale ratio method was used as in weighting exercise 
1, but now, the question directly considered the construction 
case instead of the background reference. The panellists were 
given a detailed description of the constmction project, three 
house types and the characterised scores of the environmental 
impacts of different houses (Table 1). The question formation 
was as follows: "How much would you prefer to minimise 
metal depletion in the Nordic countries compared to the climate 
change emissions when establishing a new neighbourhood with 
20 detached houses in Nordic countries?” The aggregation in 
weighting exercise 2A was actualised in two ways, which are 
based on different assumptions on how the weights are 
interpreted. In the case of calculation method 2AI, characterised 
scores and Eq. (3) were applied. Note that SMART does not 
apply a hill set (i.e. all of the items are compared to each other) 
of pairwise comparisons as in AHP, but SMART can be seen as 
a special case where items are compared with respect to one 
selected item. In addition to 2A1, question 2A was also 
interpreted through Eq. (1) by assuming that panellists were 


making assessments with respect to one characterisation unit. In 
other words, we assumed that normalisation factors are equal to 
one for every impact in Eq. (1). 

AHP with the ratio scale was applied in weighting exercise 
2B. The panellists were provided the same background infor¬ 
mation as in weighting exercise 2A. The pairwise compari¬ 
sons were completed by giving the more important environ¬ 
mental impact 100 points and the other environmental impact 
points from 0-100 related to this (note that the scale in the 
original Saaty scale is 1-9). A full set of pairwise comparisons 
was made and Eq(3) was used to calculate the total environ¬ 
mental impact. 

In weighting exercise 3, the SWING interval scale method 
was applied. Question formation was based on characterised 
scores of alternative house types (Table 1). The panellists were 
advised to assume that all three environmental impacts are at 
their highest (i.e. worst) level and to select the environmental 
impact that is the most important to change from the highest to 
the lowest (i.e. best) level. This environmental impact was 
given 100 points. Then, the panellists were asked to give 
points to the other two environmental impacts in a similar 
manner and to use the 100 points as a reference. While 
aggregating, single scores of alternative types of houses with 
respect to three environmental impacts were transformed into 
a 1-0 scale. The house with the smallest environmental impact 
with respect to a certain impact category received a value of 0, 
and the house with most environmental impact received a 
value of 1. A house with value between the two extremes, 
received a value between the 0-1 scale; this corresponds to 
Eq. (2). 

Weighting exercise 4 A was similar to weighting exercise 1, 
i.e. the weights were acquired by applying the SMART ratio 
scale method, but panellists were also provided externally 
normalised scores (Table 1). Calculation method 4A corre¬ 
sponds to Eq. (1). 

Weighting exercise 4B used the SWING method with the 
interval scale (as in weighting exercise 3.) The difference 
between weighting exercise 3 and 4B is that the panellists in 
4B are given externally normalised impact category scores 
(Table 1). The weights were acquired in a similar manner to 
weighting exercise 3, i.e. the panellists were encouraged to 


Table 1 Environmental impacts 
(both characterised and 
normalised scores) of three types 
of houses (impacts/20 detached 
houses) 


Environmental impacts of the three alternative types of houses 


House type A 

House type B 

House type C 

Climate change, characterised 

678.000 C0 2 eq 

444.000 C0 2 eq 

137.160 C0 2 eq 

Climate change, externally normalised 

2.46E-06 

1.61E-06 

4.97E-07 

Natural land transformation, characterised 

26.7 m 2 

53.4 m 2 

63 m 2 

Natural land transformation, externally normalised 

6.71E-06 

1.34E-05 

1.58E-05 

Metal depletion, characterised 

926.220 Fe eq 

836.250 Fe eq 

836.250 Fe eq 

Metal depletion, externally normalised 

5.27E-05 

4.76E-05 

4.76E-05 
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Table 2 The six weighting exercises that were surveyed in the LCA case study. The experts of LCA were acquired to complete the six weighting 
exercises, that were using three different MCDA methods (SMART, SWING and AHP), different background information and scores 


Descriptions of the six weighting exercises 


Number of weighting Weight elicitation Scale Scores used in calculations Background information provided for the panellists 


exercise 

technique 



Characterised 

scores 

Externally normalised 
scores 

Description of 
case study 

1 

SMART 

Ratio 

Externally normalised 




2A 

SMART 

Ratio 

Characterised 

X 


X 

2B 

AHP 

Ratio 

Characterised 

X 


X 

3 

SWING 

Interval 

Characterised 

X 


X 

4A 

SMART 

Ratio 

Externally normalised 


X 

X 

4B 

SWING 

Interval 

Externally normalised 


X 

X 


assess the importance of changing the values from the highest 
to the lowest value. In calculation method 4B, the scores were 
transformed to the interval scale and total environmental 
impacts were calculated according to Eq. (2). Note that now 
the external normalisation factors will be cancelled out, since 
they are used with internal normalisation, but the idea here 
was to see if the panellists thought that the weights should be 
different when impacts are normalised in the questionnaire. 

After the six weighting exercises, the panellists were asked 
which of the three types of houses has the smallest environ¬ 
mental impacts with respect to the three environmental impact 
categories, and to give this house 100 points and to score the 
other two with respect to this (100-0 points). In this final 
weighting exercise, the panellists were not provided with 
any background information or scores, but they had to select 
the best alternative based on intuition, pre-questionnaire 
knowledge and information they had received during the 
previous weighting exercises. The questionnaire also included 
space for the respondents’ comments and feedback. 

The single scores of the three houses were aggregated by 
using weights from the six weighting exercises. The calcula¬ 
tions were carried out separately for each panellist. The total 
environmental impacts of each house type within the six 
weighting exercises were also calculated by taking an average 
of the total environmental impact. Because some of the total 
environmental impact scores were calculated using the inter¬ 
val scale and others with the ratio scale, we transformed the 
calculations which were based on the ratio scale to the interval 
scale. The transformation was based on 

nr, (. \ l0 § EI ( a j) ~ min lQ g EI A') (A \ 

7 max logEIfyjy) - min logEl(ay) 

where REI =rescaled total environmental impact and El refers 
to original ratio scale results. 


In Eq. (4), the idea is to first transform ratio scale values to 
the interval scale by log transformation (which transforms the 
multiplicative model to the additive) and then to rescale the 
outcome to a 0-1 scale. 

4 Results 

In total, 26 LCA experts gave their responses and feedback. 
Most of the respondents were from Finland (15), four were 
from Sweden, three from Norway and three from Denmark. 
Nine out of the 24 respondents considered themselves not 
only practitioners but also developers of LCA methodology. 

House type C was superior (i.e. it had the lowest environ¬ 
mental impact) in most of the calculations (79 %) (Table 3) 
when all six weighting exercises are considered. House type A 


Table 3 The superior type of house with respect to three environmental 
impacts (climate change, natural land transformation and metal depletion) 


Calculation method 

Percentage of calculations where house type was 
superior (total environmental impact) 

House type A 

House type B 

House type C 

1 

70 % (0.29) 

4 % (0.66) 

27 % (0.68) 

2AI 

0 % (0.99) 

41 % (0.74) 

60 % (0.00) 

2AII 

0 % (1.00) 

0 % (0.63) 

100 % (0.00) 

2B 

0 % (0.99) 

48 % (0.72) 

52 % (0.00) 

3 

4 % (0.96) 

4 % (0.54) 

92 % (0.04) 

4A 

52 % (0.47) 

12 % (0.51) 

36 % (0.62) 

4B 

8% (0.92) 

0 % (0.54) 

92 % (0.05) 


In the six weighting exercises, the results were remarkably different. The 
impacts were calculated using two methods: percentage of calculations 
where house type was superior and total environmental impacts calculated 
across the panellists (in parentheses). Note that the number in parentheses 
represents harmful impacts of a house, i.e. a house with a higher number is 
more harmful compared to a house with a lower number 
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had the lowest environmental impact in 19 % and house type B 
in 3 % of the calculations (Table 3). The different calculation 
methods produced different results, i.e. a different house had the 
lowest environmental impact in calculations based on different 
weighting exercises (Table 3). In the calculations based on 
weighting exercise 1, house type A was superior in most cases, 
but in the calculations based on weighting exercises 2 A and 2B, 
house type A was not superior in any case. House type C was 
superior in the most calculations based on weighting exercises 
2A, 2B, 3 and 4B. The total environmental impacts mostly 
support the same phenomenon: house type A has the smallest 
total environmental impact in calculation methods 1 and 4A, 
and house type C has the smallest total environmental impact in 
the other calculations (Table 3). When applying equal weights, 
house type A is superior in calculation methods 1 and 4A, and 
house type C is superior in all the other calculations (Table 4). 
The results are quite similar to the calculations based on the 
weights defined by the panellists in this paper (Table 3). 

Based on their intuition, previous knowledge and informa¬ 
tion obtained from the six weighting exercises, half of the 
respondents considered house type C to be superior, and the 
other half considered house type B the superior type of house. 
None of the respondents considered house type A as the 
superior alternative. 

The panellists had different opinions on which one of the 
six weighting exercise was the most meaningful. All of the six 
weighting exercises were considered the most meaningful by 
at least two panellists. Weighing exercise 2A was considered 
the most meaningful by seven of the panellists. 

5 Discussion 

Weighting in the context of LCA is not a thoroughly understood 
topic. Therefore, the aim of this paper was to further analyse how 

Table 4 The superior type of house with respect to three environmental 
impacts (climate change, natural land transformation and metal depletion) 
when equal (i.e. weights for all three impacts are 0.333) weights are used. 
The results are similar to the results where weights provided by the 
panellists are used (Table 3) 


Calculation method 

Total environmental impact 


House type A 

House type B 

House type C 

1 

0.00 

0.37 

1.00 

2AI 

1.00 

0.85 

0.00 

2AII 

1.00 

0.55 

0.00 

2B 

1.00 

0.85 

0.00 

3 

1.00 

0.30 

0.00 

4A 

0.00 

0.37 

1.00 

4B 

1.00 

0.30 

0.00 


different weight elicitation techniques along with normalisation 
and background information influences a panel weighting pro¬ 
cess. The experts of LCA completed six weighting exercises, 
which were based on different weight elicitation techniques and 
background information. The weights defined by the panellists 
were used when calculating the environmental impacts of dif¬ 
ferent houses. The impacts of three alternative house types 
appear to vary significantly when different calculation methods 
are applied (Table 3). Most of the differences in the results are 
caused by the aggregation method used in the calculations. Other 
factors that influence the results are the minor differences in the 
weights and behavioural aspects. 

Three aggregation methods were used when calculating the 
impacts of the three house types. It can be seen that the results 
are similar in weighting exercise 1 and 4A (Eq. (1) used in 
calculations), 2AI, 2AII and 2B (Eq. (3) used) and finally 3 
and 4B (Eq. (2) used). This outcome is notable, since all of the 
three calculation methods have a strong theoretical grounding, 
but there are no unambiguous instructions as to which one of 
them should be used in the context of LCA. Furthermore, 
there are several other MCDA methods and weighting tech¬ 
niques that could be used in LCA. 

Using externally normalised scores may have a huge impact 
on the results compared to using characterised scores along 
with internal normalisation (Myllyviita et al. 2012; Shen et al. 
2010). In this paper, house type A was superior compared to 
the other houses when externally normalised scores were 
applied (i.e. calculation methods 1 and 4A (Table 2)). Metal 
depletion is the source of most of the impacts (i.e. the score is 
larger than scores of land-use change and climate change) 
when externally normalised scores are used, but the differences 
in alternative house types with respect to metal depletion are 
minor, therefore metal depletion is not the most influential 
impact category when ranking the houses. Instead, when 
externally normalised scores are used, the land-use change 
will become the most influential impact category, since after 
external normalisation, the land-use change scores are larger 
than the scores of climate change and the differences with 
respect to land-use change are substantial (Table 1). In the 
calculations where scores are internally normalised (i.e. 2A, 
2B and 3) the phenomenon described above does not emerge. 
Therefore, house type A was not the most environmentally 
friendly option in most cases when internal normalisation is 
actualised (Table 3). 

The externally normalised scores provide information on the 
magnitude of impacts but the scores are so small that their 
interpretation may become difficult (Table 1). Indeed, some of 
the panellists mentioned in their feedback that the externally 
normalised scores were difficult to interpret. The respondents 
who considered weighting exercises 4A and 4B (where exter¬ 
nally normalised scores were presented) as the most meaningful 
stated that it is important to know what the actual impacts are in 
terms of reference area. By intuition, climate change could be 
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assumed to be the most relevant environmental impact category, 
since it has been a much discussed topic and countries have 
ambitious targets to cut their greenhouse gas emissions. 
Nevertheless, in the illustrative construction example described 
in this paper, metal depletion constitutes a larger proportion of 
the total metal depletion in the Nordic countries compared to 
climate change (Table 1). Consequently, one could consider in 
this specific case study that metal depletion is more important 
than climate change. Therefore, external normalisation reveals 
new aspects about the decision-making problem, which may be 
useful in the panel weighting process. However, the problem 
with external normalisation is that there are large uncertainties 
related to normalisation (Lautier et al. 2010; Heijungs et al. 
2007), and normalisation factors related to less established 
impact categories may not be available. 

Within the scope of this paper, behavioural aspects of 
individual panellists could not be thoroughly analysed. For 
instance, it is possible that the panellists preferred a certain 
house type, and therefore completed the weighting in a manner 
that supported their preference. In the questionnaire, nobody 
intuitively considered house type A superior, but in some of 
the calculations (especially those that were based on the exter¬ 
nally normalised scores), house type A was superior. It is 
important that the panellists who complete the weighting do 
not let their personal preferences related to decision alternative 
impact on their weighting (assuming that their role is that of an 
expert). One possibility to avoid this would be to not reveal 
what the actual decision alternatives are to the panellists. 

Based on the results of questionnaire, some evidence of 
possible misinterpretation can be detected. Different weighting 
exercises are based on different weight elicitation techniques, 
scale and background information, but still, the panellists com¬ 
pleted the weighting in a remarkably similar manner in different 
weighting exercises. It can be seen that the average weights 
given by the 26 panellists in the six weighting exercises are 
similar (Fig. 1). Therefore, one relevant question, which cannot 
be answered based on the results of the questionnaire, is whether 


the panellists thoroughly understood the purpose of the different 
weighting exercises and the interpretation of the weights in each 
assessment task. However, since the interpretation of weights is 
difficult even for researchers in the field of MCDA (Choo et al. 
1999), it is not surprising that this was difficult for the panellists 
as well, most of whom are not familiar with MCDA. 

The primary purpose of the paper was to survey how differ¬ 
ent panel weighting methods, normalisation and background 
information provided for the panellists influence the results. 
Since external normalisation may be, at least in some cases, a 
more influential factor than weighting, it is recommended to 
actualise external normalisation before the weighting, since in 
some cases weighting may not be necessary. This is because the 
ranking of alternatives will not change after weighting, and 
using equal weights, for example, is admissible. If it seems that 
after external normalisation one of the well-established envi¬ 
ronmental impact categories constitutes most of the environ¬ 
mental load of the product, the weighting will not provide any 
new aspects, since the weights will not change the results. For 
instance, if it turns out that 95 % of the impacts of the products 
are caused by climate change, weighting in most cases will not 
change the results unless panellists consider climate change to 
be completely irrelevant (i.e. all panellists would give close to 0 
points to climate change). On the contrary, if for instance it 
turns out that after external normalisation 95 % of environmen¬ 
tal impacts of the product are caused by ecotoxicity, great care 
should be taken when analysing the results. First, it is likely that 
there might be errors in normalisation or impact assessment 
data or both, and reassessments should be made. In uncertain 
cases, weighting and internal normalisation, along with sensi¬ 
tivity and uncertainty analysis, would enhance the reliability of 
the results. In cases where after external normalisation it can 
be detected that environmental loads of alternative products 
are caused almost equally by several environmental impacts 
(i.e. there is no dominant impact category), the most envi¬ 
ronmentally friendly alternative can be detected only by 
weighting the impacts. 


Fig. 1 The panellists completed 
the weighting in a moderately 
similar manner in the different 

weighting exercises, although the w 
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Based on the results of this paper, we cannot suggest one of 
the panel weighting methods as optimal. As discussed in 
previous sections of this paper, LCA is not free of value 
choices. Therefore, it is apparent that the aims and the purpose 
of the LCA have an impact on which panel weighting method 
should be applied and how. If LCA constitutes a larger region, 
such as a country, the weighting could be carried out in a more 
cursory manner, i.e. details or scores of the LCA are not 
needed (weighting exercise 1). If the case study is to be 
highlighted, the scores and details of the case study should 
be provided for the panellists. SWING is a promising tech¬ 
nique for case studies like this, since the panellists are forced 
to closely evaluate and compare the scores of different decision 
alternatives. It cannot be stated based on the results of this paper 
whether the scores revealed to the panellists should be exter¬ 
nally normalised. As discussed earlier in this paper, weighting 
can, in rare occasions, be avoided. External normalisation 
makes the magnitude of the impacts transparent, but it is not 
clear if the panellists are able to use this information when 
completing the weighting (Fig. 1). In this article, the panellists 
were researchers with knowledge of LCA, however, if for 
instance stakeholders and company managers are incorporated, 
another challenge is on how to make the weighting more 
understandable (Dahlbo et al. 2013). Endpoint perspective 
could be more understandable for the panellists; however, this 
has not been systematically tested. Focusing on weighting 
methods that are easy to interpret (and help the panellists to 
express their hue judgements) should be favoured. 

6 Conclusions 

In situations where LCA is completed without normalisation 
and weighting, the problem is that characterised scores are 
aggregated and compared intuitively, resulting in interpretations 
that may not be transparent (Bengtsson and Steen 2000). 
According to the results of this paper, the intuitively selected 
superior alternative may not be the same as the results of an 
LCA analysis. Therefore, weighting could improve the trans¬ 
parency of LCA, since possible value choices are clearly stated. 
The most important conclusion based on the results of this paper 
is that results of comparative LCA studies are highly influenced 
by the applied aggregation mles. Another important topic is 
normalisation. External normalisation reveals the source of 
products’ environmental impacts. If it is revealed via external 
normalisation that one of the impact categories constitutes most 
of the environmental load, the weighting may not be necessary, 
since the weights in most cases will not change the results. 
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